We propose a new method to search for axion-like particles (ALPs) based on the gamma-rays produced concomitant with high-energy astrophysical neutrinos. The existence of high-energy neutrinos implies production of gamma-rays in the same sources. Photons can convert into ALPs in the sources' magnetic fields, and will travel as ALPs through extragalactic space. Back-conversion in the Milky Way's magnetic field leads to a diffuse anisotropic high-energy photon flux that existing and upcoming gamma-ray detectors, like HAWC, CTA, and LHAASO can detect. This method probes unexplored ALP parameter space, with LHAASO being realistically sensitive to couplings above 10 −11 GeV −1 and masses up to 3 × 10 −6 eV in ten years. Our technique also explores viable ALP dark matter parameter space.
IceCube's detection of diffuse high-energy (> 10 TeV) astrophysical neutrinos [1] [2] [3] presents new challenges and exciting opportunities for particle astrophysics. These opportunities include new physics searches [4] [5] [6] [7] [8] [9] and new IceCube signals [10, 11] . IceCube's high-energy neutrinos are not produced in our atmosphere [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , and no correlation with the Milky Way (MW) [25] or any astrophysical source has been found [26] . Most likely, multiple sources contribute to this seemingly diffuse extragalactic flux [27] . Extragalactic neutrinos are produced through hadronic processes of cosmic-rays with ambient gas (p − p) or radiation fields (p − γ). These interactions create concomitant high-energy photons (10 TeV -10 PeV), which are efficiently absorbed with a mean free path 100 Mpc [42] [43] [44] . No significant correlation between photons and neutrinos has been observed.
Axion-like particles (ALPs) can significantly enhance the photon-flux at Earth through the light-shiningthrough-the-wall mechanism [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] . ALPs couple to photons via the Lagrangian g aγ a E · B, where g aγ is the coupling strength, a the ALP, E the photon's electric field, and B an external magnetic field. This term mediates photon-ALP oscillations with a maximal probability P aγ ∝ (g aγ B l) 2 in a homogeneous B-field of length l. While laboratory-based searches for ALPs use strong magnetic fields [28, 39, 40, 57] , the vast extent of the weak galaxy and cluster B-fields [58] [59] [60] [61] leads to large oscillation probabilities [49, [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] . ALPs travel unhindered through extragalactic space (assuming small B-fields) and some will encounter the MW. In the MW's magnetic field [72] [73] [74] , these ALPs will partially back-convert into photons.
Here, we point out that these diffuse gamma-rays are detectable in current and near-future experiments like the High Altitude Water Cherenkov (HAWC) [75] , the Cherenkov Telescope Array (CTA) [76] , and the Large High Altitude Air Shower Observatory (LHAASO) [77] [78] [79] [80] [81] . Due to photon-ALP conversions, up to one-third of the initially produced photons survive this journey [82] , which provides a detectable flux with little background. This is the first search for new physics using only these high-energy photons and we show that the prospects are extremely encouraging.
All high-energy astrophysical searches for ALPs concentrate on one particular source class [35] [36] [37] [83] [84] [85] [86] [87] [88] [89] [90] . Instead, our search technique relies on the integrated diffuse ALP flux by all neutrino sources. Since the initial photons are efficiently absorbed, a detection of such nonGalactic photons is a striking signature of ALPs that is hard to explain with astrophysical variability. Our technique is also applicable when individual sources are undetected.
A background photon-flux to this search is produced by cosmic-ray interactions with the interstellar material in the MW itself. This background is typically confined close to the Galactic disc where gas is abundant. On the other hand, these Galactic photons can convert to ALPs in the B-field of the MW, and thus lead to spectral distortions similar to Refs. [51, [62] [63] [64] [65] [66] [67] 71] , which also can be used to search for ALPs.
The strength of this new method is illustrated in Fig. 1 . We show projected 5σ sensitivities (top) and 2σ limits (bottom) to the gamma-rays associated with the diffuse ALP-flux as a function of g aγ and the ALP mass m a . Our method will likely probe parameter space where ALPs can contribute to dark matter (below the black line "ALP DM") [41] .
Since our predicted fluxes depend on unknown source parameters, we consider a realistic and a conservative scenario, for which we show the assumptions in Tab. I. The first parameter is the sources' magnetic field perpendicular to the line-of-sight, B ⊥ , for which a realistic estimate for an ensemble of generic sources is B ⊥ = 5 µG [58] . The other uncertainties are the source distribution with We assume a coherence length of 1 kpc. The shaded regions are limits from CAST [28] , various haloscopes [29] [30] [31] [32] [33] [34] , and astrophysics [35] [36] [37] . We also show future sensitivities of CTA [38] , ALPS-II [39] , and IAXO [40] . The solid black line ("ALP DM") shows the parameter space below which ALPs can act as dark matter [41] . Bottom: Limits from HAWC (blue) and LHAASO (red). Hatched regions show the uncertainty from our assumptions: lower (upper) boundary is for the realistic (conservative) scenario. The upper boundary is not visible for HAWC.
redshift, and the neutrino spectrum.
High-energy photons and photon-ALP mixing.-The normalization and shape of IceCube's neutrino flux depends on the energy range that is considered [1, 2, 93] . We focus on two fluxes taken from Kopper's and Niederhausen's contribution to Ref. [2] , which we parametrize 
where E ν is the neutrino energy, and E b = 40 (12) at E ν = 100 TeV.
In the following, we assume that these neutrinos are produced by p−γ, since p−p is more strongly constrained by gamma-ray measurements [94, 95] . The energy of the photon is then E γ ≈ 2 E ν . Each interaction produces two photons per three neutrinos [96, 97] . These relations permit us to construct the source photon spectrum using Eqn. 1.
If ALPs exist, these photons will partially oscillate into ALPs in the source's B-field [58] [59] [60] [61] . The probability depends on the interstellar photon and electron density, and B. These parameters are not precisely known since we lack information on the neutrinos' sources. They will also show variability between sources and evolve with redshift. However, our approach does not rely on a single source but on ensembles and mean environmental parameters. We therefore vary these parameters in motivated ranges and assume generic source evolution models.
Our mean z=0 B-field strength is inspired by Ref. [58] , which provides a distribution of measured field strength for the regular component perpendicular to the line-ofsight B ⊥ . We use the domain model [48, 50, 52] , which splits the magnetic field into domains with a fixed length. We choose this length at z=0 to be l = 1 kpc. In each domain the B-field strength and direction are constant and follow a probability distribution. We model each component of B as a Gaussian distribution with zero mean and variance 2B 2 ⊥ /3, so that |B ⊥ | ≈ B ⊥ . We assume that the magnetic field extends up to 7 kpc for z=0 galaxies. The redshift evolution of these parameters and the electron density is taken from Ref. [98] . For the interstellar photon background we use Ref. [99] .
We apply the formalism presented in Ref.
[100] to obtain the mean ALP-flux from the source. Note that this formalism entails an average over the B-field probability distribution. Here, this average is a true sample mean over a collection of galaxies. We do not suffer from the usual issue of what is meant by such an averaging when applied to individual sources. Equipartition implies that the maximum ALP-flux from a sample of sources is 1/3 of the photon-flux.
The remaining photons are either attenuated in the source or in the extragalactic photon background [101, 102] , while ALPs travel unimpeded. We assume that the extragalactic magnetic field does not saturate its upper bounds [103, 104] , so that photon-ALP conversion is inefficient in extragalactic space [100] .
When the ALPs reach the MW, they back-convert in the regular Galactic B-field. We model the regular Bfield using the state-of-the-art fit [72] [73] [74] . Their model requires an off-the-plane component, with < 10% normalization uncertainty.
ALP-photon conversion can be computed with the density-matrix formalism [105] , which we modify to include absorption and local gamma-ray production
where ρ is the density matrix which contains particle densities and coherence, H dis and H abs are the dispersive and absorptive Hamiltonian respectively [100] . The source term for Galactic p − p gamma-ray production is Q. We computed its contribution using the cross sections given in Ref. [106] , assuming a homogeneous and isotropic cosmic-ray spectrum [107] , and different gas models [108, 109] . The normalization of Q can be found by comparing Eq. 2 to Eq. 1.23 in Ref. [110] for g aγ = 0.
Since our knowledge about the Galactic B-field is much more precise compared to those in other galaxies, no averaging is required and the density-matrix equation can be solved directly. Without a statistical distribution of magnetic fields, in some directions the full ALP-flux is converted into photons. Note that the photon-flux is attenuated in the Galaxy as well, which we model using Ref. [111] .
We include all dispersive terms [100] . The oscillation frequency reads
where ∆ B ∝ B 2 is the magnetic birefringence, ∆ γγ the photon-photon dispersion [112, 113] , ∆ pl the plasma frequency, and Γ the absorption coefficient. The ALP mass is contained in ∆ a = −m 2 a /(2E γ ), and photon-ALP mixing is given by ∆ aγ ∝ g aγ B. We compute photonphoton dispersion on interstellar radiation fields following Ref. [113] . At low energies, the ALP mass tends to suppress oscillations. The advantage of using high-energy photons in this method is that m a is relatively less important compared to existing astrophysical searches. It starts to dominate only around m a ∼ 2 × 10 −7 eV. At large energies, ∆ B tends to dominate ∆ and suppresses the high-energy part of the ALP spectrum. Interestingly, also ∆ γγ turns out to be important in both sources and MW. For TeV photons, pair creation is only possible on a fraction of the interstellar radiation field and ∆ γγ is positive [113] . In this regime, ∆ γγ dominates the dispersion when B is small in some domain of the source, or in, e.g., interarm regions of the MW.
At larger energies, more background photons can undergo pair creation, which turns ∆ γγ negative. This ef- fect is enhanced for distant galaxies by the redshift evolution of the cosmic microwave background. If ∆ γγ is negative, it amplifies oscillations via a partial cancellation with ∆ B , or suppresses oscillations when |∆ γγ | |∆ B |. Note that when ∆ changes sign, the physical interpretation of the eigenvalues E 2,3 =
is switched. If ∆ − ∆ a is positive, then the imaginary part of ∆ osc is negative and Im E 2 ≈ − i 2 Γ. In this case, E 2 can be interpreted as photon-like, whereas E 3 is ALPlike. If ∆ − ∆ a turns negative, E 2 and E 3 interchange their imaginary part and E 2 is now ALP-like. This identification has to be taken into account in the transfer matrix formalism like in Ref. [100] , unless the equations are chosen to be symmetric in E 2,3 as done in Ref. [48] .
Results.-The distribution of IceCube's high-energy neutrinos is isotropic in the sky. The resultant isotropic ALP-flux incident on the MW will convert to highenergy photons in the presence of the regular Galactic Bfield [72] [73] [74] , and its anisotropy will be imprinted on the resulting photon-flux (see Fig. 2 ). Due to the large-scale structure of the Galactic B-field, the high-energy photon flux (produced via photon-ALP oscillations) has largescale features on the gamma-ray sky. As such, we will focus on two high-energy gamma-ray telescopes which can observe large patches of the sky: HAWC and LHAASO.
The HAWC detector is a ground based high-energy gamma-ray observatory [75, 114] . It detects gamma-rays in the energy range 100 GeV. High-energy gammarays convert to electron-positron pairs in our atmosphere. Charged leptons are detected via their Cherenkov radiation in water tanks. The shower morphology enables HAWC to discriminate between gamma-rays and cosmicrays.
LHAASO is a next-generation air shower instrument designed to detect gamma-rays and cosmic-rays via electronic, muonic, and Cherenkov radiation. It will measure both cosmic-rays and gamma-rays in the energy range 10 12 eV -10 17 eV and 10 11 eV -10 15 eV respectively [77- 
81].
In Fig. 3 , we show example spectra of high-energy photons that will be incident on Earth in the direction l = 0
• , b = 8
• for g aγ = 6 × 10 −11 GeV −1 and m a = 10 neV. The solid lines are total photon fluxes from the converted diffuse ALP-flux (dashed) and the Galactic gamma-ray background from p − p interactions (dot-dashed). Green (yellow) curves show the result for the realistic (conservative) scenario. We show as gray lines the limit on the northern Fermi bubbles by HAWC [115] . We present it here since the morphology of this signal (an "ALP bubble") is very similar to the Fermi bubbles (see Fig. 2 ). We also include GAMMA [116] limits, and KASCADEGrande limits [117] on the isotropic diffuse gamma-ray flux. The signal morphology in this case is not isotropic and we expect an on-off technique to yield much tighter constraints. This specific morphology is unique in the high-energy gamma-ray sky, and this information can be used to mitigate backgrounds, or distinguish from local sources.
We showed our main results in Fig. 1 , which highlight the sensitivity of these gamma-ray detectors to ALPs. The HAWC result has been obtained by adjusting the upper limit in Ref. [115] to ten years observation time with an effective uptime of 70% and a √ time scaling 1 . We compare that limit to our predicted photon flux in the field of view of HAWC. The estimate for HAWC is rather coarse and can be improved with real data.
For LHAASO, we model the detector using Ref. [81] . For details of the sensitivity study see the supplemental 1 private communication with Hugo Alberto Ayala Solares materials.
Discussion.-For reasonable assumptions about the Bfield and source evolution, especially our detection estimates are encouraging. Note that we included only a fraction of the available B-fields, and the photon-flux could be modified if the photons propagated through cluster or jet B-fields, or the cosmic web [56] . For robust bounds, the search for a diffuse ALP-flux suffers from these model dependencies and current unknowns like the sources' structure and evolution. These uncertainties will certainly decrease in the future, and especially our knowledge about the type of sources will improve, giving us a more robust handle on these model parameters.
For the gamma-ray background and its spectral distortion through ALPs, we tested several dust models inspired by Refs. [108, 109] . This background tends to obscure the ALP-induced photon flux in the galactic disc but was never important at higher latitudes. Our result is insensitive to the exact dust model.
Further improvement is expected on the experimental side. A telescope on the southern hemisphere with performance comparable to LHAASO will improve the test statistics by a factor ten. CTA might be able to detect the ALP bubble with the envisaged survey of the inner Galaxy [76] .
The existence of ALPs will also impact Fermi-LAT's diffuse MeV-GeV background. Up to 33% of the photon energy associated with IceCube's neutrinos can be converted into ALPs, which reduces the amount of cascaded photons seen by Fermi. A more complete analysis would require an extension of the density matrix (Eqn. 2) to include such cascades. Similarly, strong absorption in the sources (e.g. Ref. [118] ) requires a more detailed solution of the transport equation.
Conclusions.-Searching for ALPs is one of the major endeavors in the low-energy frontier of beyond Standard Model physics. There have been plenty of laboratorybased and astrophysics searches for ALPs, but an unambiguous signal has not yet been detected. In this work, we propose a new technique to search for a diffuse highenergy ALP-flux.
The discovery of high-energy astrophysical neutrinos by IceCube guarantees the presence of a high-energy photon background. Due to strong attenuation in the radiation fields of the sources, intergalactic space, and the Milky Way, these high-energy photons are exponentially suppressed on their way to Earth. This expectation will dramatically change if ALPs are present. The high-energy photons can convert to ALPs in the sources, which travel unimpeded through intergalactic space. These ALPs will then convert back to high-energy photons in the MW's magnetic field. The resulting photons can be potentially detected by present and near future high-energy gamma-ray experiments: HAWC, CTA, and LHAASO. Our work is a unique blend utilizing the knowledge of high-energy astrophysical neutrinos and photon-ALP oscillations.
Our results (Fig. 1) show that this technique allows HAWC and LHAASO to detect or constrain a diffuse ALP-flux. In particular, these experiments will be able to probe parts of the dark matter parameter space, and regions that next-generation laboratory-based experiments, ALPS-II and IAXO, will be sensitive to.
Since the diffuse ALP-flux is emitted by an accumulation of (unknown) sources, we made some generic assumptions about the sources' mean environmental parameters and their redshift evolution. Our search strategy is guaranteed to deliver improved results as we discover more about these sources. This technique has fundamental advantages over other astrophysical searches for ALPs. The present techniques either look at spectral features of individual sources or a certain source class at low redshift (typically z 1), where detailed knowledge of the source is required. We are looking at a collection of different classes of sources situated all over the Universe. Hence, the attenuation of these high-energy gamma-rays is much more severe and it will be very difficult for insource astrophysics to explain an indication of ALPs in these searches. The proposed signal is a smoking-gun for ALPs.
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LHAASO sensitivity analysis.-In this section we describe how we arrived at the stated sensitivity for the LHAASO experiment in Fig. 1 . We closely follow the results given in Ref. [81] , which allows us to obtain sensible results without performing a complete detector simulation.
We test the ALP hypothesis (H 1 ) against a background-only hypothesis (H 0 ). The background hypothesis assumes that all observed photons either stem from cosmic-ray interactions with the atmosphere that are miss-identified as photons, or from Galactic gammarays produced by p − p interactions. Hypothesis H 1 predicts gamma-rays from the diffuse extragalactic ALP flux as well as distortions in the Galactic gamma-ray spectrum in addition to the atmospheric background.
The number of events detected by LHAASO for each process i in the energy bin E j and solid angle Ω k is given by
Here, A eff,i is the effective area for gamma-rays or cosmicrays taken from Ref. [81] . i is the efficiency to identify a photon for an incident gamma-ray, which is taken to be one in the following, or to miss-identify a cosmic-ray as a photon. The miss-identification rates are taken from Ref. [79] . ∆t is the exposure time, which we will take to be ten years with an efficiency of 25%. J i is the incident differential flux. For the photon-flux induced by the extragalactic diffuse ALP-flux, we proceed as described in the main text. For cosmic-rays, this flux is taken from Ref. [107] . For Galactic gamma-rays, we compute the flux by assuming that the spectrum Ref. [107] holds in the entire galaxy and p − p interactions with Galactic gas produce high-energy photons. For the gas models, we used variations of Refs. [108, 109] . The MW photon-flux is absorbed using the radiation fields by Ref. [111] , and, under H 1 , distorted by photon-ALP oscillations.
As a test statistic we use the Gaussian maximumlikelihood estimator with Poissonian standard deviation:
where N 1,j,k (N 0,j,k ) is the number count in energy bin j and direction k under hypothesis H 1 (H 0 ). The energy binning is taken from Ref. [81] , which we also used to cross-check that are assumptions yield comparable sensitivities to the Crab spectrum. Some deviations were found in the lowest-energy bin, which we ignored in this analysis.
For the sum over directions in the sky, we split LHAASO's field of view into patches of 2
• in declination and right ascension. We used LHAASO's proposed location at 29.35
• latitude with a field of view of ±40 • in declination (see Fig. 2 in Ref. [80] ).
We assume that this statistic is χ 2 distributed with two degrees of freedom. Since the systematics of LHAASO are not known to us, we perform the likelihood test with statistical errors only.
